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We report the Hall resistivity, p^y of polycrystalline SmFeAsOi-ajFj, for four different fluorine 
concentrations from the onset of superconductivity through the collapse of the structural phase 
transition. For the two more highly-doped samples, pxy is linear in magnetic fleld up to 50 T with 
only weak temperature dependence, reminiscent of a simple Fermi liquid. For the lightly-doped 
samples with x < 0.15, we flnd a low temperature regime characterized pxy{H) being both non- 
linear in magnetic field and strongly temperature dependent even though the Hall angle is small. 
The onset temperature for this non-linear regime is in the vicinity of the structural phase (SPT)/spin 
density wave (SDW) transitions. The temperature dependence of the Hall resistivity is consistent 
with a thermal activation of carriers across an energy gap. The evolution of the energy gap with 
doping is reported. 

PACS numbers: 71.18.+y, 74.25. Jb, 74.70.-b 



An important key to unraveling the mystery of super- 
conductivity in the ferropnictides will be understanding 
the phase diagram under different tuning parameters, 
including doping, pressure, and rare earth substitution. 
For example, for five different rare earths (Re = La [T], 
Nd 0, Ce 0, Pr m, and Sm 0) the ReFeAsOi-^^F^r 
(oxypnictide) system undergoes a structural phase tran- 
sition (SPT) from tetragonal to orthorhombic symme- 
try. Approximately 25K below the SPT the onset of long 
range magnetic order (LRO) is ascribed to spin density 
wave (SDW) formation [6] . 

The transition temperatures for both the SPT and 
SDW decrease with increasing doping. Above a critical 
doping, which is a; « 0.15 for the Sm compound, there is 
no evidence of either the SPT or SDW transition. Sup- 
pression of the energy scale of the SPT/SDW is observed 
not only with doping but also with increasing pressure 
|7] or decreasing size of the rare earth ion [S], [1]. When 
doping is used to suppress the structural phase transi- 
tion an insulator-to-metal crossover (IMC) is revealed at 
X w 0.15 once high magnetic fields are used to suppress 
superconductivity in SmFeAsOi-^Fa; polycrystals [TU] . 
The IMC has been confirmed in both CeFeAsOi-ajF^; [H] 
and BaFe2As2 [H] single crystals, and LaFeAsOi-^^Fj: 
polycrystals |13j . implying this phenomenon is general 
for the ferropnictide systems. Furthermore, the appli- 
cation of pressure to the undoped parent compound in- 
duces superconductivity yielding a phase diagram simi- 
lar to that where chemical doping is the tuning param- 
eter [TH I15j . Theoretical predictions argue that doping, 
rare earth substitution and pressure control the onset of 
pairing by suppressing long range magnetic order [IB] . 
To better understand how tuning the chemical potential 
suppresses long range order, we probe the doping depen- 
dent phase diagram of SmFeAsOi-^^F^, and report the 
temperature and high field dependence of the Hall re- 



sistivity in a series of four samples with fluorine doping 
(F-doping) 0.05 <x< 0.20. 

For this investigation, the polycrystalline samples were 
synthesized using the conventional solid state reaction 
[S] and cut into rectangular prisms with a typical size of 
1.5 X 1 X 0.1 mm'^. The series of samples spans a large 
portion of the underdoped superconducting regime up to 
maximum Tq with x ~ 0.20 ^5] with transition temper- 
atures measured at the midpoint of the superconducting 
transition, Tq « 2 K, 18 K, 40 K, and 46 K for a; = 0.05, 
X — 0.12, X — 0.15 and x — 0.20 respectively. These are 
the same series of samples in which the insulator-to-metal 
crossover was reported [TU] . 

The Hall resistivity was measured using a standard 
four-terminal digital ac lock-in technique with the mag- 
netic field applied normal to the large face of the sample 
using pulsed fields up to 50 T and continuous fields up 
to 35 T at the National High Magnetic Field Laboratory. 
For pulsed field measurements, at each temperature the 
resistivity transverse to the magnetic field and applied 
current was measured during two magnetic field pulses 
of opposite polarity to subtract any contamination of the 
longitudinal resistivity from the Hall resistivity. 

Figure [l] contains Pxy{H) traces for all four samples at 
a fixed temperature of 50 K up to 20 T. The small values 
of the Hall angle [B] reported over the entire tempera- 
ture and doping range of this investigation, are consistent 
with being in the the low field limit , wct << 1 |17], i.e. 
the regime of a linear dependence of the Hall voltage in 
magnetic field; pxy{H) = Ryi-owH with yielding the 

total number of carriers that contribute to transport. At 
a temperature of 50 K, linear pj.y{H) is observed for all 
doping levels except x — 0.05, i.e. the sample with the 
lowest doping, see Figure [l] In order to probe a wider 
regime, we measure Hall resistivity up to 50 T over a 
broad temperature range. For the most highly doped 
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sample, x = 0.20, pxy{H) is linear in field for all tem- 
peratures measured, consistent with our previous report 
for another doping above the observed disappearance of 
the SPT, X = 0.18 [TT. Figure [2] depicts the magnetic 
field dependence of the Hall resistivity pxy{H) for the 
other three dopings. The Hall resistivity is negative for 
all samples at all temperatures measured, evidencing the 
dominance of electron-like charge carriers, as is expected 
for F-doping the parent compound, a compensated semi- 
metal [2]. 

The most striking features of the data in Figures [T] and 
[2] are: (a) that the temperature dependence of pxy in- 
creases as doping is decreased and (b) that all non-linear 
behavior in p^y is observed at temperatures below the 
reported SPT/SDW transition, and (c) the non-linearity 
grows with decreasing temperature. The effect of temper- 
ature on Pxy is the most dramatic aX x = 0.05, the least 
doped sample studied. The temperature dependence of 
Pxy decreases with doping until almost no temperature 
dependence is observed in pxy for x = 0.20. 

Non-linearity can arise in semi-metals because of com- 
plexity in transport of a multiband system |18| . We 
characterize the extent of the nonlinear regime in the 
temperature-doping phase diagram by fitting the Hall 
data in Figures [T^ and[T]3 to a phenomenological formula 
(dashed lines): 



Pxy{H) — RuaiiH — f3H^ 



(1) 



We plot both the linear and cubic coefficients for x — 0.05 
and 0.12 in Figure [s] Note that both 7?Haii(r) and /3(T) 
exhibit weak temperature dependence at high tempera- 
tures where f3 ~ i.e. the regime of conventional Hall 
behavior as seen at all measured temperatures in the 
X = 0.15, 0.18, and 0.20 materials. However, for the 
two lowest dopings, shown in Figure [S] both \Rh_i,ii{T)\ 
and grow dramatically as the temperature is de- 

creased below the SPT/SDW (shaded region). This is 
the signature of the non-linear regime. The non-linearity 
in magnetic field is consistent with a SDW transition re- 
moving sections of Fermi surface, and also decreasing the 
scattering rate (increasing t) once long range order has 
frozen out the fluctuations of the nesting vector. 

We now examine the temperature dependence of the 
data in Figures [T| and [2] separately from the non-linearity 
in magnetic field, i.e. we consider only the low field data, 
where all data are linear in H. Figure |4] shows the in- 
verse Hall coefficient for all four doping levels normal- 
ized as carriers per Fe atom and cm? jC. At low tem- 
peratures, |i?Hanl comparable to the level of F-doping, 
increasing exponentially with temperature (dotted lines) 
for samples in the non-linear regime. The exponential de- 
pendence suggests thermal excitation of carriers. In the 
low-field limit, the Hall coefficient in a two-band model 
[T51. reduces to: 



i?Hau(if^O) = (-l) 



((To + CTlY 



where both <Ti and pn are positive and denotes the 
(electron-like) behavior of the semi-metal, and 1 repre- 
sents additional thermally activated carriers respectively, 
the -/+ denotes whether the activated carriers are elec- 
trons or holes respectively. As such, we propose that 
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where cti — )■ as T — )■ 0. At low temperatures and to 
first order in ui/uf), the inverse Hall coefficient 



^Han(^ - 0) = (-1) 
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where a — pi/po, thus ai/ao — ani{T)/no. Fitting 
(dashed lines in Figure [4]) yields a measure of the energy 
gap A. We determine gap values of A = 24.9 meV for 
X = 0.05 and A = 16.1 meV for x = 0.12, which is in ex- 
cellent agreement with the w 13 meV reported from pho- 
toemission on SmFeAsOo ssFq 12 and SmFeAsOo ssFq 15 

MM- 

The energy scale of this gap is too small to recon- 
cile with the predictions for the unreconstructed (bare) 
band structure [5T], but is comparable to the SDW order- 
ing temperature (A « fcBTsDw) indicating we are likely 
probing the evolution of a gap arising from electron cor- 
relations as a function of doping. The long range SDW 
order most likely arises because of nesting the zone center 
hole sections of Fermi surface with the zone corner elec- 
tron pockets [22]. Within this model one can naturally 
understand how the Fermi surface reconstruction is sen- 
sitive to doping and pressure: doping suppresses nesting 
by unbalancing the electron and hole pockets, while pres- 
sure (chemical - rare earth substitution or hydrostatic) 
increases the electronic band width and interlayer warp- 
ing, which in a multiband system suppresses nesting. 

The inset to Figure [4] plots the activation energy A 
extracted from the temperature dependence of pxy for 
the compositions of this investigation and those reported 
by Liu et al [6 . Both data sets clearly demonstrate a 
suppression of the activation energy with doping that 
collapses onto a single curve (dashed line) when normal- 
ized by the gap energy for the common doping {x = 0.05, 
at which A « 24.9 meV for this investigation and A w 
44.6 meV from the data in Lui, et al). 

In the paradigm SDW system. Chromium and its alloys 
[23" it has been shown that the square of the amplitude of 
the density wave is proportional to the strain amplitude. 
Evidence for this sensitivity to strain is also mounting 
for the ferropnictide family in both the strong hydrostatic 
pressure dependence of the phase diagram [7J and the dis- 
crepancy between the Fermi surface topology as derived 
from bulk measurements and ARPES surface studies 
[24]. In particular, mechanical thinning of the samples is 
required for pulsed magnetic field measurements in or- 
der to avoid sample heating and increase the Hall signal. 
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which is likely to cause a differing degree of strain than 
is present in the 'as grown' samples. Given our interpre- 
tation of the gap as originating from the SDW ordering, 
it is not surprising that such normalization is necessary 
to account for the extreme sensitivity of the gap to strain 
caused by sample preparation and handling. 

From the inset of Figure |4]it is evident that both Tsdw 
and A are suppressed with doping. It is also evident 
that the gap is being suppressed more rapidly than the 
transition temperature, such that an estimate of the cou- 
pling strength as the ratio of energy gap to the transition 
temperature [25] [25], yields a value of « 5 (typical of the 
strong coupling found in density wave systems [25 ) for 
the x=0.05 sample of Lui ct al and a value of « 4 for 
X = 0.13. 

In conclusion, we have defined a small-Hall- angle 
regime in SmFeAsOi-^jFj; that is characterized by un- 



usual behavior of pxy{H): nonlinear in magnetic field 
and exponential in temperature. This regime exists at 
low fluorine doping, x < 0.15, and at temperatures be- 
low the structural and SDW phase transitions. At ei- 
ther higher temperatures or doping, the Hall resistivity 
behaves like a conventional metal. Finally, the demar- 
cation a,t X 0.15 between the nonlinear regime and 
conventional metal behavior is the same doping where 
there is both an end to the SPT/SDW ordering and an 
insulator-to-metal crossover in the normal state. 
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FIG. 1: (color online) The transverse magneto-resistance, 
pxy{H) for compositions with x — 0.20,0.15,0.12 and 0.05 
(top to bottom) measured at a temperature of 50 K. The 
non-linearity of pxy for the lowest doping is clearly observed. 
The dashed lines are linear fits to at low fields. 
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FIG. 2: (color online) The evolution of pxy{H) with temper- 
ature for X = 0.05 (top), X = 0.12 (middle) and x = 0.15 
(bottom). Note that both the non-linear pxy{H) and tem- 
perature dependence weaken with increasing doping. Dashed 
lines are fits to Equation [l] 
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FIG. 4: (color online) Temperature dependence of the Hall 
number (right) and inverse Hall number, normalized to car- 
riers per Fe-atom (left). The dashed lines are fits to Equa- 
tion |3] The inset shows the doping evolution of the energy 
gap, normalized to the value of A at x=0.05 for this study 
(black up triangles) and Liu, et al [6] (red down triangles). For 
comparison, the doping dependence of the spin density wave 
transition (blue crosses), Tsdw, is also provided, normalized 
to rsDw(a; = 0.05) = 114 K 6 . 



FIG. 3: (color online) Temperature dependence of -Rnaii in 
the low- field limit (triangles) and /3, the non- linear term of 
Equation [l] (circles) for x — 0.05 (top) and x=0.12 (bottom). 
There is a strong temperature dependence of both quanti- 
ties below the SDW/SPT transitions. In particular, at high 
temperatures, /3 = 0, implying linear pxy{H) until the onset 
of the SDW/SPT. At lower temperatures, the non-linearity 
of pxy{H) grows dramatically with decreasing temperature. 
Dashed lines are guides for the eye. 



